Heavy metals far in excess of trace amounts that are required for healthy plant growth, cause harmful effects on soil microorganisms; however, studies concerning the characterization of microbial communities in mine soils are scarce. The present study is the first attempt to characterize, by means of the analysis of phospholipid fatty acid (PLFA) patterns, soil microbial community composition from a contaminated mine soil (Pb, As) subjected to different remediation technologies. A pot experiment was performed with a soil from the São Domingos mine (South of Portugal) with or without native herbaceous plants combined with the following soil treatments: control; inorganic fertilizer (NPK); inorganic fertilizer plus polyacrylate polymer; inorganic fertilizer plus organic amendment (compost); inorganic fertilizer plus both amendments (compost, polymer). The measurements of PLFA patterns were made on soil samples collected 5 months after the application of remediation treatments.
Introduction
Nowadays, in situ remediation strategies for metal/ metalloid contaminated historical mining sites are focused on the use of amendments and/or metal-tolerant plants (some of them non-indigenous) and their associated microorganisms to reduce heavy metals mobility and bioavailability. These are promising alternative technologies to traditional options of excavations and ex situ treatment, offering an advantage of being non-invasive and low cost. The purpose of revegetation is to stabilize the site, by providing a cover crop that will prevent dispersion of metalcontaminated particles by water and wind erosion and reduce metal mobility by rhizosphere-induced adsorption and precipitation processes (Alvarenga et al., 2008) . However, plant growth is very limited in mine contaminated soils (high levels of metals and metalloids, soil acidity, low C and nutrients availability) and soil amendments such as lime, organic residues and industrial products such as zeolites and insoluble polyacrylate polymers promote the establishment of a vegetation cover by providing essential nutrients for plant growth, raising the pH, and chelating toxic metals (Alvarenga et al., 2008; 2014; Guiwei et al., 2008; de Varennes et al., 2010; Pinto et al., 2015) .
Most studies concerning the rehabilitation of polluted soils in situ have focused on the effects of different treatment on bioavailability of trace elements and plant growth (Alvarenga et al., 2008; Pérez-López et al., 2008) , but interventions at one level inherently affect the restoration attributes at other levels (Kardold and Wardle, 2010) . During decades, links between above-ground changes and belowground activities carried out by soil microorganisms were often ignored, although they are determinant of ecosystem resilience and functional efficiency, and they can assist restoration ecology (Kardold and Wardle, 2010) . Thus, since soil amendments and plant growth may induce shifts in the soil microbial community (Grayston et al., 1998; Kourtev et al., 2003; Pérez de Mora et al., 2006; Carrasco et al., 2010) , the microbial characterization of contaminated soils should be considered in the remediation studies.
During the last decade some investigations showing changes in microbial biomass and activity in mine stabilized soils have been published (Pérez de Mora et al., 2006; Clemente et al., 2007; Alvarenga et al., 2008; de Varennes et al., 2010) . Nevertheless, due to drawbacks of the traditional culture dependent methods, information on how soil microbial community composition will be altered by these remediation techniques is still scarce. The analysis of the phospholipid fatty acids (PLFAs) makes possible to examine broad scale patterns in microbial community structure (Frostegård et al., 1993a) and generally, after the application of multivariate statistical analyses, whole community fatty acids profiles indicate which communities are similar or different. Thus, the PLFA technique has been used to compare microbial communities during altered environmental conditions under wide ranges of soil types, management practices, climatic origins and different perturbations (Frostegård et al., 1993a,b; Barreiro et al., 2010; Mahía et al., 2011; Fernández-Calviño et al., 2012; González-Gómez et al., 2013; Muhammad et al., 2016; Moreno et al., 2017) .
Nowadays, PLFA has become a widespread method to characterize soil microorganisms because it is a rapid and inexpensive way of assaying the biomass and composition of microbial communities (Frostegård et al., 2011) .
Metals and metalloids originating from leaching of sulphide-rich abandoned mines are a very important source of environmental pollution both in soils and water. The abandoned pyrite mine of São Domingos, Portugal, is still an acid mine drainage generator and a source for trace elements pollution, and hence a threat to the ecologic equilibrium. The environmental risk concerning mining wastes it is wellknown (Pratas et al., 2005; Pérez-López et al., 2008; Alvarenga et al., 2012) ; however, although a wide area of land became contaminated with trace elements and only supports sparse vegetation, no efforts were made for an environmental recovery of the mining site since the ceasing of the mine activity in 1966. Information about plant communities that are growing on metal-contaminated soils is essential to determine their application for mine stabilisation/remediation and biogeochemical exploration. In these abandoned mines of Portugal several plant species have been recognized as tolerant to the mining environment by accumulating or excluding toxic metals (Pratas et al., 2005; Abreu et al., 2008; Nabais et al., 2008; Pinto et al., 2015) and could be used in ecological restoration projects. Other approaches to remediate these acidic poor soils contaminated with trace metals are to add soil amendments for improving soil fertility and hence plant growth. To this respect it has been shown that soil amendments, including materials from farming and industrial sources (Alvarenga et al., 2008; Guiwei et al., 2008) , could be a good ecological alternative to recycle these residues and to reclaim these degraded soils. However, additional research is still needed if technologies based on the combined action of plants and the microbial communities they support within the rhizosphere are adopted in large-scale remediation actions (Nabais et al., 2008) . were incorporated into soils and substrates when an increase in the water holding capacity is desirable.
In free solution, the ionic species of several metals are rapidly trapped within and insoluble polyacrilate polymer and not released upon subsequent incubation of the particles with water. This capacity to chelate metal cations suggests that these polymers could be used for in situ remediation of metal contaminated soils. These insoluble polymers enhance plant growth by increasing water-holding capacity, supplying the cation present and decreasing the bioavailability of same trace elements (Guiwei et al., 2008) . Hence, these remediation measures were efficient as soil reclamation techniques. Often, remediation studies on heavy metal contaminated soils have focused on the monitoring of bio-available or total metal content and information about the microbial communities is scarce despite it is well-know that can provide important information when evaluating soil remediation since microbial changes can also affect soil functionality, thereby influencing nutrient turnover and the restoration process of the degraded contaminated soil. However, despite its interest, information on both biomass and composition of soil microbial communities is not available. The aim of this study was to determine whether the microbial activity changes detected in São Domingos mine soil following different rehabilitation tecniques (de Varennes et al., 2010) were accompanied by changes in the microbial biomass and community structure. ) and soil pH of the mine soil with different rehabilitation treatments after 5 months (mean values of four pot replicates). Treatments: C, control; I, inorganic fertilizer; P, inorganic fertilizer plus polymer; O, inorganic fertilizer plus compost; PO, inorganic fertilizer plus both amendments (polymer, compost). For each parameter different letters indicate significant differences at the P<0.05 level.
Material and Methods

Pot experiment
The soil used in the experiment was collected from the former São Domingos mine ( Table 1 . 
Microbial community structure
The microbial community structure was determined by the PLFA analysis using the procedure and nomenclature described by Frostegård et al. (1993a) .
Briefly, the lipids were extracted from the soil with a chloroform:methanol:citrate buffer mixture (1:2:0.8 v/v/v) and separated into neutral lipids, glycolipids and phospholipids using a pre-packed silica column.
The phospholipids were subjected to a mild alkaline methanolysis and the fatty acid methyl esters were To compare soil treatments, biomass data were also 
Results
The microbial biomass, estimated as tot PLFAs, 
Discussion
The mine soil is acidic and very poor in C and nutrients and total Pb and As concentrations were much greater than the maximum allowed limits for healthy plant growth (Dudka and Miller, 1999) . Under this very poor and metal stressed soil environment where, in addition, low soil pH favoured Pb availability, plant growth and microbial activity of soil microorganisms are extremely reduced. In consequence, plant growth and soil functioning is expected to be notably stimulated by the application of soil amendments increasing C and nutrient availability and reducing metal availability. At the end of the greenhouse experiment the phytomass production in control soil was only 0.9 g pot -1
whereas the crop yield ranged from 20.8 to 46.6 g pot -1 in the mine soils with different treatments (Table 1) . In all cases the treatment increased the phytomass production by a factor of 23-52, compared to the control, the increase being particularly striking for soil receiving both polyacrylate polymer and compost amendments.
It should be noticed that under field conditions this degraded soil supports only sparse vegetation, therefore the establishment of a plant cover is essential to decrease both soil erosion and water contamination with acid drainage containing trace elements. These results clearly showed the efficacy of rehabilitation strategies for this mine polluted soil, which is also in accordance with soil quality reflected by some biochemical properties determined in the same greenhouse experiment (de Varennes et al. 2010 ).
This mine untreated soil exhibited low total microbial biomass values with a high proportion of fungi, which is consistent with the fact that fungi rather than bacteria are favoured in polluted environments due to their greater tolerance to heavy metals (Bååth, 1989; Frostegård et al., 1993b) . Changes in microbial biomass values were detected 5 months after the application of remediation treatments, but a different response was observed depending on treatment considered. Revegetation had a significant effect on the biomass values; thus, the planted soils showed values 2-4.5 times higher than those in the corresponding bare soils. Likewise, a positive correlation between biomass values and vegetation cover was observed (Table 2) , which most likely was due to the increased availability of carbon and energy in the rhizosphere (Wardle, 1992) . These data clearly showed the interdependence between above-ground changes and below-ground processes carried out by soil microorganisms (Kardold and Wardle, 2010) and emphasized the importance of monitoring soil microbial parameters in remediation studies. It should be noticed, however, that plant cover effect on microbial biomass did not seem to be as influential as that of the soil treatment.
Variation in biomass data was also explained by soil treatment, but a different effect was observed in presence and absence of plants. In bare soils, inorganic fertilizer and polymer treatments showed similar or even lower biomass values than control soils whereas in compost amendment alone or combined with polymer increased the biomass values about two times; this was also most likely due to increased input of carbon for the soil microorganisms. In planted soils all rehabilitation treatments showed a significant effect on biomass values, the magnitude of change induced by compost amendments (increase of 4-6 times) being much higher than that observed when inorganic fertilizer and polymer were added (increase of 2 times).
The fact that the influence of soil treatment was more pronounced in planted soils than in bare soils clearly showed the benefits of combining a plant cover with soil treatments in the soil reclamation process. Relative biomass of fungi and bacteria also varied depending on presence of plants, the planted soils showing lower FungPLFA/BactPLFA ratios than bare soils due to the fact that in the rhizosphere bacteria rather than fungi are stimulated (Wardle 1992) . Gram and enzymes involved in the N cycle (protease and urease activities), which may result from the fact that these enzymes can also occur as free extracellular enzymes (Nannipieri et al., 2002) . Our soils also exhibited significant positive correlation between microbial biomass and soil pH, which is consistent with previous findings (Wardle, 1992; Díaz-Raviña et al., 1995) . Other recent studies, however, showed that PLFA composition rather than total concentration of PLFA was affected by soil pH (Fernández-Calviño et al., 2012) .
The results showed that the PLFA pattern discriminated among different remediation measures and that the microbial community structure was mainly affected by the presence of plants and in a lesser extent by the soil treatments (Figure 2 , organic-amendment). This is in accordance with previous studies showing significant changes in microbial community structure in response to either synthetic root exudates (Griffith et al., 1999) or specific physico-chemical and biological characteristics prevailing in the rhizosphere habitat (Söderberg et al., 2004; Pérez-de-Mora et al., 2006) .
It should be noticed that whereas in bare soil the microbial community of control soil was closer to that from inorganic fertilizer treatment than to that from the organic amendments, the opposite was true in planted soil indicating that somehow the development of a root system and organic amendment induced similar shifts in the microbial community structure.
This clearly showed the benefits of the implantation (Alvarenga et al., 2008) , which is crucial to soil quality and to the regulation of many soil functions; therefore, the use of organic amendments is recommended for reclamation of soils contaminated with heavy metals (Saffari et al., 2015) . In the present study the addition of compost increased the pH around 1.7 units in bare soil and 2.5-3.0 units in planted soil, which can have important implications for nutrient availability, including trace elements present in soil (Pb, As). In fact, increasing soil pH is a common practice in acid soils affected by trace element pollution (Adriano, 2001) , since most of these elements are less soluble at high pH.
Differences in soil pH could also be responsible for with increasing pH and a decrease in some branched PLFAs, as well as cy19:0, at high pH (Frostegård et al., 1993a; Fernández-Calviño et al., 2012) . In our case the effect of pH on microbial composition seems evident since PCA analysis discriminated between soils with highest pH values such as those receiving compost amendment and the other soils and similar changes induced by pH were observed in some PLFAs; however, the fact that control planted soil (pH of 4.5) was grouped together with soils receiving organic treatments (pH of 6-7) seems to indicate that other factors rather than soil pH are also important for determining the microbial composition of these mine soils contaminated with heavy metals. It should be noticed that although remediation measures modified microbial community structure it is extremely hard to discern the contribution of different soil properties since a combination of changes in soil environment (pH, metal toxicity, C availability, nutrients) are accounted for the microbial differences observed in the various reclamation treatments.
Changes in microbial composition due to inorganic fertilizer and polymer addition were also observed, this behaviour being attributed to the increased nutrient availability for the former treatment and to the pH changes (increase or decrease of 0.2-1.0 units) and the capacity to retain water and chelate trace elements for the later which in turn can influence soil microorganisms. This is also consistent with a previous studies showing a significant effect of a synthetic polymer (Firesorb, an acrylic-acrylamide copolymer) on both biomass and microbial composition applied at normal field dose as water additive to combat wildfire and to control prescribed fire in forests ecosystems (Díaz-Raviña et al., 2006; Barreiro et al., 2010) .
Conclusions
Our results showed that changes in microbial activity detected in previous work after different rehabili- 
